Abstract. allyl isothiocyanate (aiTc) is a constituent of cruciferous vegetables that exhibits antitumor activity. in this study, aiTc was shown to inhibit the proliferation of human metastatic colorectal adenocarcinoma SW620 cells in vitro by inducing cell cycle arrest at the G 2 /M phase. The signaling pathway of aiTc action involved the down-regulation of the pivotal cdc25B and cdc25c protein phosphatases in the treated cells. Quantitative real-time Pcr of aiTc-treated SW620 cells revealed a time-dependent down-regulation of cdc25B and cdc25c mrna levels, which resulted in a decrease in the expression levels of these two proteins. upon prolonged exposure, aiTc induced caspase-mediated apoptosis in SW620 cells. The apoptotic process was evidenced by the activation of initiator caspases (-8 and -9) and effector caspases (-3 and -7), and the cleavage of poly(adP-ribose) polymerase (ParP). The antitumor activity of aiTc was further demonstrated in a SW620 xenograft in vivo. Taken together, the results suggest that aiTc is a potential candidate for future research in chemoprevention and chemotherapy.
Introduction
colorectal cancer is one of the most prevalent cancers, and is a leading cause of cancer-related death in developed countries (1) . numerous epidemiological studies indicate that a high intake of cruciferous vegetables, such as cabbage, broccoli and Brussels sprouts, may reduce the risk of developing the disease. it is suggested that glucosinolates present in cruciferous vegetables play a key role in this function (2) (3) (4) . Glucosinolates are a class of compounds that are composed of a sulphonated moiety, a β-thioglucose and variable side-chains (5) . When plant tissue is physically damaged, the glucosidic bond is cleaved by endogenous myrosinase producing various products, including isothiocyanates (iTcs), thiocyanates and nitriles (5) . upon human ingestion, the remaining glucosinolates may also be broken down by colonial bacteria (6) (7) (8) . among these breakdown products, iTcs draw most of the attention due to their antitumor activities. recent reports showed that several iTcs, including allyl isothiocyanate (aiTc), benzyl isothiocyanate, phenylethyl isothiocyanate (PeiTc) and sulforaphane (SFn), possessed inhibitory effects on the growth of human cancer cells (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . These inhibitory effects were associated with the induction of cell cycle arrest (10, 12, (16) (17) (18) (19) and apoptosis (9) (10) (11) (13) (14) (15) 17, 18) . in these studies, it was proposed that iTc-induced cell cycle arrest was controlled by post-translational modulation of checkpoint regulatory proteins (16) (17) (18) (19) , and iTc-induced cell apoptosis was mediated by the activation of caspases and/or Bcl-2 family proteins (9, 10, (13) (14) (15) 17) . Despite these findings, the sequence of molecular events resulting in this effect has yet to be determined. in animal experiments employing potent carcinogens, treatment with iTcs suppresses the process of carcinogenic activation and inhibits tumorigenesis in the lungs (20) (21) (22) . Previous studies also revealed that iTcs suppressed the growth of prostate cancer Pc-3 xenografts (15, 23) . Tumor suppression was found to be correlated with the inhibition of cell proliferation and/or the induction of apoptosis after treatment (15, 23) . in this study, the chemotherapeutic potential of aiTc, a major iTc, was examined in human metastatic colorectal adenocarcinoma SW620 cells in vitro and in vivo. The underlying molecular mechanism, especially at the transcriptional level of control, was investigated.
Materials and methods
Materials. aiTc was purchased from international laboratory limited (San Bruno, ca, uSa). a cell proliferation eliSa 5-bromo-2'-deoxyuridine (Brdu) colorimetric assay kit was supplied by roche diagnostics GmbH (Mannheim, Germany). antibodies against β-actin, cdc2, p-cdc2(Thr14), p-cdc2(Tyr15), p-cdc25c(Ser216), cdc25c, caspases-3, -6, -7, -8, -9 and poly(adP-ribose) polymerase (ParP) Hs68 cells were cultured in dMeM, whereas colo 201 and SW620 cells were cultured in rPMi-1640 and l-15 medium, respectively. The cells were supplemented with 10% FBS and 1% penicillin (10,000 u/ml)-streptomycin (10,000 µg/ml). caco-2, colo 201 and Hs68 cells were regularly maintained at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 , whereas SW620 cells were cultured without co 2 .
Cell viability/proliferation assays. The effects of aiTc on the survival and proliferation of different cell lines were determined by cell viability MTT and cell proliferation Brdu assays, as previously described (24) . aiTc was prepared by dilution with DMSO, with a final concentration of DMSO of 0.5% employed in the assays. an equivalent amount of dMSo was used as a control. in the MTT assay, cell viability was determined by measuring the ability of viable cells to transform a yellow tetrazolium salt (MTT) into a dark blue formazan product. in brief, cultured cells (2.5x10 3 to 1x10 4 cells/well) were pre-seeded into a 96-well tissue culture plate for 24 h. cells were then exposed to 0-150 µM aiTc for varying time periods. Following incubation, 20 µl of freshly prepared MTT solution (5 mg/ml in PBS) was added to each well, and the cells were further incubated for 5 h. The culture medium was then removed and 150 µl acid-isopropanol (0.04 n Hcl in isopropanol) was added to dissolve the formazan product. absorbance was measured at 570 nm using a SpectraMax250 microplate reader (Molecular devices, ca, uSa). in addition to the MTT assay, the anti-proliferative effect of aiTc was confirmed by the BrdU assay. In this assay, quantification of cell proliferation is based on the measurement of Brdu incorporation during dna synthesis. The SW620 cells were prepared in the same way as in the MTT assay, and the procedures were performed according to the manufacturer's protocol (roche diagnostics GmbH).
Determination of cell cycle distribution by flow cytometry.
The cell cycle distribution was analyzed by flow cytometry as previously described (24) . SW620 cells (1x10 6 ) were preseeded into T75 tissue culture flasks for 24 h. The cells were then subjected to various aiTc treatments. The treated cells were trypsinized, washed with PBS and fixed with ice-cold 70% ethanol at -20˚C overnight. The fixed cells were washed twice with PBS and once with 1% BSa in PBS, and then resuspended in dna-binding Pi solution (700 u/ml rnase a, 50.1 µg/ml PI, pH 8.0) at 4˚C overnight. After labeling with Pi, the cells were analyzed with a Beckman coulter epics XL-MCL flow cytometer (Miami, FL, USA). Cell cycle distribution was analyzed using Mutlicycle software (Phoenix Flow Systems, San diego, ca, uSa). cells with hypodiploid dna content were regarded as the apoptotic cell population.
Western blot analysis. aiTc-treated SW620 cells were trypsinized and washed with PBS. cell lysate was prepared by incubating the harvested cells in lysis buffer (cell Signaling Technology) containing protease inhibitor cocktail for 50 min on ice. The clear supernatant was collected following centrifugation at 14,000 rpm for 15 min at 4˚C. The protein concentration of the lysate was determined using a bicinchoninic acid protein assay kit according to the manufacturer's protocol (Sigma chemical co.). Samples containing 10-60 µg proteins were resolved by SdS-polyacrylamide gel electrophoresis (4% stacking; 10% resolving) and transferred onto a nitrocellulose membrane (amersham life Science, Buckinghamshire, UK) (25) . The membrane was first incubated with blocking buffer [1X Tris-buffered saline, 0.1% Tween-20, 5% (w/v) non-fat dry milk] for 1 h at room temperature (rT). The blot was then incubated with the desired primary antibody (1:1,000-3,000) at 4˚C overnight. After washing, the membrane was incubated with corresponding horseradish peroxidase-conjugated secondary antibodies (1:2,000) for 1 h at rT. immunodetection was achieved using lumiGlo reagent ® (cell Signaling Technology) with the emitted light captured on X-ray film. The membranes were stripped and re-probed with β-actin to check the uniformity of the protein loading.
Quantitative real-time PCR. aiTc-treated SW620 cells were trypsinized and washed with PBS. Total rna was extracted from the harvested cells using Tri-reagent (Molecular research center, cincinnati, oH, uSa) according to the manufacturer's protocol. cdna was synthesized from total rna by reverse transcription using Superscript™ iii reverse transcriptase according to the manufacturer's protocol (invitrogen corp., ca, uSa). real-time Pcr primers of the selected genes were chosen according to a previous study (26) and using Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/ primer3_www.cgi) based on the sequence data obtained from the ncBi database (http://www.ncbi.nlm.nih.gov/) (Table i) . Real-time PCR amplification of cDNA was carried out using the Biorad iQ™5 real-time Pcr detection system (Biorad laboratories, Hercules, ca, uSa) in a 96-well Pcr plate with a dome cap under the following cycling conditions: 3 min at 95˚C and 40 cycles at 95˚C for 10 sec, followed by 30 sec at 55˚C. The reaction mixture comprised 10 µl of iQ™ SYBR Green Supermix (Biorad laboratories) and 0.4 µM each of the forward and reverse primers in a total reaction volume of 20 µl. The expression level of each gene was normalized with the housekeeping gene glyceraldehydes 3-phosphate dehydrogenase (GaPdH). relative gene expression was calculated using the 2 -ΔΔcT method (27) . Simultaneously, a single sharp peak was noted in the dissociation curve for the confirmation of accuracy.
In vivo xenograft study. The procedures for the in vivo xenograft study were similar to those described in our previous study (28) . animal experimentation followed the guidelines approved by the animal experimentation ethics committee of The chinese university of Hong Kong. Male BalB/c nude mice (nu/nu) (6-7 weeks) were supplied by the laboratory animal Services centre, cuHK. The mice were housed in filtered cages and maintained under controlled laboratory conditions (22-25˚C, 12/12 h light/dark cycle) with ad libitum access to sterile rodent chow and water, and were acclimatized for 4 days prior to the experiment. SW620 cells (2x10 6 cells/ site) in 0.3 ml fresh culture medium were injected subcutaneously into the back of each of 24 mice, which were then randomly divided into three groups. Starting from the day of cell inoculation, two treatment groups received intraperitoneal (i.p.) injection (3 times/week) of 5 and 10 µmol aiTc, respectively. The control group received an equal volume of vehicle (0.1 ml, 8% propylene glycol in PBS, v/v). Mice were monitored regularly and their body weight was recorded periodically in order to assess their health. When a palpable tumor appeared, the tumor size was measured periodically using a caliper. Tumor volume was calculated using the equation: tumor volume (mm 3 ) = (length x width 2 )/2. at the termination of the experiment, the mice were sacrificed using CO 2 asphyxiation. The tumors were removed from the animals and the tumor mass was measured.
Statistical analysis. The results are expressed as the mean ± Sd of at least three independently performed experiments, unless indicated otherwise. Statistical differences between the control and treatment groups were determined using the twotailed Student's t-test. a difference of * P<0.05 or ** P<0.01 was considered statistically significant.
Results

AITC inhibits the growth of human colorectal adenocarcinoma cells in vitro.
in a screening test on the antitumor activity of aiTc, three human colorectal adenocarcinoma cell lines, namely caco-2, colo 201 and SW620, were found to be susceptible to aiTc. as shown in Fig. 1a , after treatment with 50 µM aiTc for 72 h, the survival percentage of caco-2, colo 201 and SW620 cells as determined by the MTT assay was 50.7, 64.6 and 42.0%, respectively. By contrast, the survival of normal human skin fibroblast Hs68 cells was not significantly affected by AITC. The dose-and time-dependent cytotoxic effect of aiTc on SW620 cells is shown in Fig. 1B . The anti-proliferative activity of aiTc against SW620 cells was demonstrated using the Brdu assay (Fig. 1c) . Microscopic examination also revealed an apparent decrease in cell density and a change in cell morphology after aiTc treatment (Fig. 1d) .
AITC induces cell cycle arrest at the G 2 /M phase in SW620 cells. in order to investigate the anti-proliferative effect of aiTc, the cell cycle distribution of aiTc-treated SW620 cells was analyzed using flow cytometry. As shown in Fig. 2 , AITC modulated the progression of the cell cycle in a dose-and time-dependent manner. accumulation of cells at the G 2 /M phase, together with the concomitant diminution of cells at the G 0 /G 1 phase, was observed ( Fig. 2a and B) . cell cycle arrest at the G 2 /M phase began 4 h after aiTc treatment and reached a maximum at 24 h (Fig. 2c) . Subsequently, an increase in cells arrested at the S phase was observed (Fig. 2c) , which indicated that an impaired progression had occurred at the G 2 /M transition.
AITC modulates the expression of regulatory proteins
for G 2 /M transition. in order to elucidate the underlying mechanisms of G 2 /M arrest in aiTc-treated SW620 cells, the expression of pivotal regulatory proteins was studied. at the G 2 checkpoint, the control of the cdc2/cyclinB kinase complex is crucial for cells to proceed into mitosis, and is governed by the action of two phosphatases, namely cdc25B and cdc25c (29) (30) (31) . The results indicated that aiTc treatment led to the down-regulation of cdc25B and cdc25c proteins in a dose-and time-dependent manner ( Fig. 3a and B) . a marked down-regulation of cdc25c was observed after 8 h of treatment (Fig. 3B) . Simultaneously, aiTc treatment caused short-term phosphorylation of cdc25c on Ser216 (a negative regulatory site) during the first 4 h. The later down-regulation of p-cdc25c(Ser216) may have been due to the concomitant decrease of cdc25c in that time interval. Similarly, downregulation of another phosphatase, cdc25B, was also observed. Without the catalytic action of both phosphatases, the cdc2 kinase was modulated by inhibitory phoshorylation on Thr14 and Tyr15 (Fig. 3a and B) . a rapid and sustained up-regulation of p-cdc2(Tyr15) was noted after 1 h of treatment, and another phosphorylation site on Thr14 was observed after 24 h (Fig. 3B) . The up-regulation of cyclinB1 was also observed in aiTc-treated SW620 cells (Fig. 3a and B) .
AITC modulates the expression of regulatory genes for G 2 /M transition. in order to verify whether the change in protein expression of cdc25B and cdc25c was related to the transcriptional level of control, the effects of aiTc on the expression of related genes was investigated. The results of quantitative real-time Pcr studies on the expression of 
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cdc25B, cdc25c and cyclinB1 mrnas are shown in Fig. 3c . in general, the expression of mrna was well correlated with the expression of the corresponding protein ( Fig. 3B and c) . A significant down-regulation of Cdc25B and Cdc25C mRNA was observed 4 h after treatment with 20 µM aiTc, and their expression levels remained low (~0.5-fold). By contrast, the up-regulation of cyclinB1 mrna (~3-fold) was observed after 24 h of treatment (Fig. 3c) .
AITC induces caspase-mediated apoptosis after prolonged exposure. apart from inhibiting cell cycle progression, aiTc induced apoptosis in SW620 cells upon prolonged exposure. A significant increase (12.8-fold) in the apoptotic cell population was observed after treatment with 20 µM aiTc for 48 h (Fig. 4a) . Western blot analysis of key apoptotic proteins in aiTc-treated cells revealed a caspase-mediated apoptotic process. as shown in Fig. 4B , aiTc induced the cleavage and activation of the initiator caspases (-8 and -9) and the downstream effector caspases (-3 and -7) . no cleavage of caspase-6 occurred in SW620 cells exposed to aiTc. Proteolytic cleavage of ParP was observed, which served as a key indicator of apoptosis.
AITC suppresses the growth of SW620 xenograft. The in vivo antitumor activity of aiTc was evaluated in a SW620 xenograft model. Tumor size was measured when palpable tumors appeared on day 6 after cell implantation. as shown in Fig. 5A , a significant suppression of tumor growth was observed in mice treated with 10 µmol aiTc throughout the entire experimental period. For example, on day 17 the average tumor volumes of the control and the aiTc-treated mice were 261+129 and 127+61 mm 3 , respectively. These results reflected a 50% reduction in tumor volume in the treatment group. Similarly, the average tumor volumes and wet tumor weights of the treated mice were ~50% of the control, determined at the termination of the experiment (day 26) (Fig. 5a and B) . in order to assess the health of the experimental animals, the body weight of the mice was measured periodically. at the end of the experiment, the body weights of both groups of aiTc-treated mice were slightly less (<7%) than those of the control (Fig. 5c) . despite this slight reduction in body weight, all aiTc-treated mice appeared healthy and did not show any signs of impaired movement.
Discussion
a high intake of fruits and vegetables has been suggested to provide protective effects against colorectal cancer (2) (3) (4) . Various dietary phytochemicals have been identified to possess antitumor activities (32) . in this study, it was demonstrated that aiTc, a constituent of cruciferous vegetables, effectively inhibited the growth and proliferation of human metastatic colorectal adenocarcinoma SW620 cells in a dose-and timedependent manner (Fig. 1a and B) . Flow cytometric analysis of cell cycle progression indicated that the growth-inhibitory effect of aiTc against SW620 cells was associated with the induction of G 2 /M cell cycle arrest (Fig. 2) . This finding is in agreement with other studies showing similar iTcs-induced G 2 /M arrest in other cell types (10, 12, (16) (17) (18) (19) .
in the control of the cell cycle, activation of the cdc2/ cyclinB protein complex (also known as the mitotic promoting factor) is required for cells to proceed into mitosis (29) (30) (31) . Prior to mitosis, the catalytic subunit cdc2 is maintained in an inactive state by phosphorylation on Thr14 and Tyr15 by the action of kinases Wee1 and Myt1. at the G 2 /M boundary, dual-specificity phosphatases Cdc25B and Cdc25C remove the Thr14 and Tyr15 phosphorylation on cdc2, a process that favors the formation of cdc2/cyclinB. The importance of this passage has been further illustrated by previous studies (33, 34) . overexpression of cdc25B at the mrna and protein level was observed in human pancreatic and gastric cancer specimens as compared to their respective normal tissue samples (33, 34) . in our study, aiTc-induced G 2 /M arrest was found to be associated with the down-regulation of both the Cdc25B and Cdc25C proteins ( Fig. 3A and B) . Our findings are consistent with the results of previous studies (16) (17) (18) (19) 35) . However, as the majority of these studies only focused on the post-translational level of regulation, we attempted to extend our investigation further into the transcriptional level of control. The results of quantitative real-time Pcr indicated a significant time-dependent down-regulation of Cdc25B and cdc25c mrna levels in aiTc-treated SW620 cells (Fig. 3c) .
Without the catalytic action of these two phosphatases, an accumulation of inhibitory phosphorylation on Thr14 and Tyr15 of cdc2 occurred ( Fig. 3a and B) , which blocked the G 2 /M passage. The importance of transcriptional control in cells arrested at the G 2 /M phase was recently reported (35, 36) . an up-regulation of cyclinB1 at both the mrna and protein level was also observed in our study (Fig. 3) . Such increases may be due to the rise in the number of cells at the G 2 /M phase (10, 13) . Besides inducing cell cycle arrest, aiTc also induced apoptosis in SW620 cells upon prolonged exposure (Fig. 4a) . in order to delineate the apoptotic signaling pathway, the expression of key apoptotic proteins in aiTc-treated SW620 cells was examined using Western blot analysis. as shown in Fig. 4B , aiTc-induced apoptosis was associated with the activation of initiator caspases (-8 and -9) and effector caspases (-3 and -7, but not -6), leading to the cleavage of ParP, which is an indicator of cell apoptosis. induction of caspasemediated apoptosis by SFn and PeiTc in other cancer cell lines has been reported (9, 14, 16) . apart from an in vitro antitumor effect, our results also suggest that aiTc exhibits chemotherapeutic activity in vivo. as shown in Fig. 5a , aiTctreatment (10 µmol, 3 times/week) effectively suppressed the growth of SW620 xenografts in nude mice.
in conclusion, our results showed that aiTc induced G 2 /M arrest in metastatic human colorectal adenocarcinoma SW620 cells through regulation of pivotal regulatory proteins at both the transcriptional and post-translational levels. a prolonged period of aiTc exposure triggered caspase-mediated cell apoptosis. on the other hand, aiTc exerted minimal toxicity in normal human skin fibroblast Hs68 cells. Besides in vitro experiments, an in vivo antitumor effect of aiTc was demonstrated in an SW620 xenograft study. Taken together, our findings suggest that AITC is a potential candidate for future research in chemoprevention and chemotherapy.
